Abstract: By selectively blocking specific laser beams, we investigate coexisting seven distinguishable dressed odd-order multi-wave mixing (MWM) signals in a K-type five-level atomic system. We demonstrate that the enhancement and suppression of dressed four-wave mixing (FWM) signal can be directly detected by scanning the dressing field instead of the probe field. We also study the temporal and spatial interference between two FWM signals. Surprisingly, the pure-suppression of six-wave mixing signal has been shifted far away from resonance by atomic velocity component. Moreover, the interactions among six MWM signals have been studied. 
Introduction
Recently a lot of attention has been concentrated on the four-wave mixing (FWM) [1] [2] [3] [4] [5] and six-wave-mixing (SWM) [6] [7] [8] under atomic coherence. And electromagnetically induced transparency (EIT) [9, 10] is an beneficial tool to investigate these multi-wave mixing (MWM) processes since the weak generated signals can be allowed to transmit through the resonant atomic medium with little absorption. It also plays an important role in lasing without inversion [11] , quantum communications [12] , slow light [13] , photon controlling and information storage [14] [15] [16] . Furthermore, the enhancement and suppression of FWM also attracted the attention of many researchers, which has been experimentally studied and the generated FWM signals can be selectively enhanced and suppressed [17] . Besides, the doubly-dressed states in cold atoms were observed, in which triple-photon absorption spectrum exhibits a constructive interference between transition paths of two closely spaced, doubly-dressed-states [18, 19] . In addition, the generated FWM and SWM signals can be made to coexist and interfere with each other not only in the frequency domain but also spatially, using phase control [20] .
In this paper, we show seven coexisting distinguishable multi-wave mixing signals (including three FWM and four SWM signals) by selectively blocking different laser beams in a K-type five-level atomic system. Also by blocking several certain laser beams respectively, the interactions among six MWM signals have been studied. In addition, when scanning the frequency detuning of external-dressing, self-dressing and probe fields respectively in the dressed FWM process, we first analyze the corresponding relationship and differentia between the experimental results of different scanning methods, and demonstrate that scanning the dressing field can be used as a technique to directly observe the dressing effects of FWM process. Also, we first observe the enhancement and suppression of SWM signal at large detuning, due to the atomic velocity component and optical pumping effect. Moreover, we demonstrate the temporal and spatial interferences between two FWM signals.
Basic theory and experimental scheme
The experiments are performed in a five-level atomic system as shown in Fig. 1(a) where the five energy levels are E , 3 E′ In such beam geometric configuration, the two-photon Doppler-free conditions will be satisfied for the two ladder-type subsystems both 0 The propagation direction of all the generated signals with horizontal polarization is determined by the phase-matching conditions, so all the signals propagate along the same direction deviated from probe beam at an angle θ, as shown in Fig. 1(a) . The wave-mixing signals are detected by an avalanche photodiode detector, and the probe beam transmission is simultaneously detected by a silicon photodiode.
Generally, the expression of the density-matrix element related to the MWM signals can be obtained by solving the density-matrix equations. For the simple FWM process of we can obtain the third-order density element
, the amplitude of which determines the intensity of the simple FWM process, where exp( ) exp( ) exp( )
Further, the dressing effect on these MWM signals and the interaction among them will be researched in the following section.
In the experiments, these multi-wave mixing signals are researched by selectively blocking different laser beams. When the beams 3 E 
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By individually adjusting the frequency detunings 2 ∆ and 4 ∆ , these generated wave-mixing signals can be separated in spectra for the identification, or be overlapped for investigating the interplay among them. Firstly, by detuning the frequency of the participating laser beams and blocking one or two participating laser beams, we can successfully separate two EIT windows and these MWM signals can be identified. Figures 2(a) (Fig. 2(e) ), SWM signals 2 S E ( Fig. 2(b) ) and 2 S E′ ( Fig.  2(c) ) in amplitude. We can find that the MWM signal is suppressed by 40%, which shows the interaction and competition between FWM and SWM when they coexist. This phenomenon could be explained by the dressing effect of 3 E ( 3 E′ ) on FWM signal 2 F E . The dressed FWM process can be described by E′ are not considered here). Since these MWM processes exist at the same time in the experiment, and the signals are copropagating in the same direction, the total detected MWM signal ( Fig. 2(a) ) will be proportional to the mod square of M ρ , where E , which respectively depicted as the peak and dip on each baseline of the curves, by the self-dressing effect. Notice the experimentally obtained 2 F E signal when scanning 2 ∆ (Fig.  3(a2) ) includes two components: the pure FWM signal when not considering dressing effect, and the modification (enhancement and suppression) of the FWM process which is theoretically shown in Fig. 3(b2) . Figure 3 (c) shows the singly-dressed energy level diagrams corresponding to the curves at discrete frequency detunings in Fig. 3 
(a).
When scanning 2 ∆ , the FWM signal shows the evolution from pure-enhancement And the corresponding probe transmission shows the evolution from pure-EIA, to first EIA and next EIT, to pure-EIT, to first EIT and next EIA, finally to pure-EIA (electromagnetically induced absorption) in series as shown in Fig. 3 (a1). The height of each baseline of the curves represents the probe transmission without dressing effect of 2 E ( 2 E′ ) versus probe detuning 1 ∆ , while the peak and dip on each baseline represent EIT and EIA respectively. We can see that every enhancement and suppression correspond to EIA and EIT respectively, and the curves show symmetric behavior.
In order to understand the phenomena mentioned above, we resort to the singly-dressed energy level diagrams in Fig. 3(c) . With the self-dressing effect of 2 E ( On the other hand, when 2 ∆ is set at discrete values orderly from positive to negative and 1 ∆ is scanned, the probe transmission shows an EIT window on each curve in Fig. 3 (a3)
. Also, the FWM signal 2 F E presents double peaks (Fig. 3(a4) G − , respectively. The theoretical calculations ( Fig. 3(b) ) are in good agreement with the experimental results ( Fig. 3(a) ).
Moreover, when we compare the results of these two kinds of scanning method (i.e. scanning 2 ∆ at discrete 1 ∆ values, and scanning 1 ∆ at discrete 2 ∆ values), an interesting corresponding relationship between them could be discovered, as expressed with the dash lines in Fig. 3(a) and 3(b) . Referring to the dressed energy level diagrams in Figs. 3(c) , one can easily find out that the curves in the same column which are connected by dash lines correspond to the same dressed energy level diagram in Fig. 3(c G + , a dip of probe transmission (EIA) is gotten both in Fig. 3 (b1) and 3(b4), and a peak (enhancement point) of
2 F E appears correspondingly both in Fig. 3 (b2) and 3(b5), as the left dash line expresses; when two-photon resonance occurs at the point 1 2 0 ∆ + ∆ = , a peak (EIT) is gotten both in Fig. 3(b1) and 3(b4) , and a dip (suppression point) of 2 F E appears correspondingly both in Fig. 3(b2) and 3(b5) , as the right dash line expresses. Additionally, we notice that when scanning the probe detuning, two enhancement points (i.e. the two peaks of AT splitting) and one suppression point could be obtained, while when scanning the dressing detuning, only one enhancement point and one suppression point could be gotten at most. The reason is that the two splitting states 2 G ± could not move across the original position of 1 and therefore only one of them can resonate with 1 E when scanning the dressing detuning.
Furthermore, the spectra of the doubly-dressed FWM process of 2 F E in the Y-type four-level subsystem are investigated as shown in Fig. 4 
for the doubly-dressed FWM process. Firstly, the probe transmission and FWM signal (Fig. 4(a1) ) and 2 F E (Fig. 4(a2) ), respectively, versus 2 ∆ at discrete 1 ∆ values. Figures 4(a3) and (a4) depict the intensities of probe transmission (Fig. 4(a3) ) and 2 F E (Fig. 4(a4) ) versus 1 ∆ , respectively, at discrete 2 ∆ values (with fixed 4 ∆ at 4 0 ∆ = ). Notice the Doppler Broadening of the probe transmission signal in Fig. 3 (a3) has been subtracted. Figures 4(b1) , 4(b3), 4(b4) and 4(b5) are the theoretical calculations corresponding to Fig. 4(a1) -(a4), while Fig. 4(b2) represents the theoretical enhancement and suppression of 2 F E , respectively expressed by the peak and dip on each baseline of the curves. Figure 4(c) show the doubly-dressed energy level diagrams corresponding to the curves at discrete detuning values in Fig. 4(a) .
When 1 ∆ is set at discrete values orderly from negative to positive and 2 ∆ is scanned, the experimentally obtained 2 F E signal is shown in Fig. 4(a2) , including two components: the pure FWM signal when not considering dressing effect, and the modification (enhancement and suppression) of the FWM process which is theoretically shown in Fig. 4(b2) . The profile of all the baselines in Fig. 4(b2) ). Correspondingly, the probe transmission shows the evolution from pure-EIA, to first EIA and next EIT, to pure-EIT, to first EIT and next EIA, to pure-EIT, to first EIA and next EIT, to pure-EIT, to first EIT and next EIA, finally to pure-EIA in series as shown in Fig. 4(a1) . The height of the baseline of each curve represents the probe transmission without dressing field 2 E ( induced by self-dressing fields 2 E and 2 E′ . We can see that every enhancement and suppression correspond to EIA and EIT respectively, which is similar to the singly-dressing case observed in Fig. 3 . 
Such variations in the probe transmission and the transition of enhancement and suppression of 2 F E are caused by the interaction of the dressing fields 2 E ( 2 E′ ) and 4 E .
Because of the doubly-dressing effect, the energy level 1 is totally split into three dressed states (shown in Fig. 4(c) G G − ± could be created from 4 G − , as shown in Figs. 4(c6)-(c9) . Since the phenomena and analysis method are similar with those in the singly-dressing case, here we only give the enhancement and suppression conditions as moves from negative to positive. Especially, when 2 ∆ is set at 2 0 ∆ = , the two EIT windows overlap as shown in Fig. 4(a3) , and a double-peak FWM signal is obtained because both 2 E ( 2 E′ ) and 4 E dress the energy level 1 simultaneously into two dressed states + and − , as shown in Fig. 4 EIT window into the left FWM peak ( 2 0 ∆ > ), secondary AT splitting occurs and the left peak splits into two peaks, respectively corresponding to secondarily dressed states (Fig. 4(b) ) are in good agreement with the experimental results (Fig.  4(a) ).
When comparing the results of these two kinds of scanning method (i.e. scanning 2 ∆ at discrete 1 ∆ values, and scanning 1 ∆ at discrete 2 ∆ values), the corresponding relationship could also be discovered, as expressed with the dash lines in Figs. 4(a) and 4(b) . By referring to the energy level diagrams in Figs. 4(c Fig. 4(b5) . We also notice that when 1 ∆ scanned, three enhancement points and two suppression points could be obtained, while when scanning 2 ∆ only one enhancement point and one suppression point could be gotten at most.
Next, we investigate the probe transmission and the enhancement and suppression of (Fig. 4(d1) ) and the enhancement and suppression of 2 F E (Fig. 4(d2) ) versus 4 ∆ at discrete 1 ∆ values.
While Fig. 4 (d3) and (d4) depict the intensities of probe transmission (Fig. 4(d3) ) and 2 F E (Fig. 4(d4) Figure 4(f) shows the doubly-dressed energy level diagrams corresponding to the curves at discrete detuning values in Fig. 4(d) . Similar to the above discussion of Figs. 4(a)-( G G + ± could be created from 2 G + by the external-dressing field 4 E , as shown in Fig. 4(f1)-4(f4) . Symmetrically, in the region with 1 0 ∆ > , when 4 ∆ is scanned around 2 G − , two secondarily dressed states (Fig. 4(a2) ), by scanning the external-dressing detuning the enhancement and suppression of 2 F E could be detected directly, excluding the pure FWM component (Fig. 4(d2) ). We can see that the enhancement and suppression of 2 F E in Fig. 4(d2) shows similar evolution with that in Fig. 4(b2) . The profile of all the baselines, which has two peaks, reveals AT splitting of 2 E ( 2 E′ ), and the transition of enhancement and suppression in each curve is induced by the interaction between 2 E ( 2 E′ ) and 4 E with three symmetric centers at 1 0, 20, and 20 MHz ∆ = − , all of which are pure-suppression. The pure-suppression at 1 0 MHz ∆ = is induced by primary dressing effect of 2 E ( 2 E′ ), while pure-suppressions at 1 = 20 MHz ∆ ± are caused by the secondary dressing effect of 4 E . On the other hand, when 1 ∆ is scanned, the FWM signal 2 F E in Fig. 4(d4) also presents three peaks, corresponding to the three dressed state respectively. Moreover, the corresponding relationship between scanning probe detuning and scanning external-dressing detuning is similar with above, as expressed by the dash lines in Fig. 4(d) and 4(e) . It is obvious that the theoretical calculations (Fig. 4(e) ) are in good agreement with the experimental results (Fig.  4(d) ).
Comparing with the singly-dressed FWM process in Fig. 3 , we notice the doubly-dressed FWM process, although derives from the former, shows more complexities since one more dressing field is considered. When scanning probe detuning, doubly-dressed FWM signal shows three peaks resulting from two orders of AT splitting (Fig. 4(a4) and 4(d4)); whereas singly-dressed FWM signal shows only two peaks resulting from of AT splitting of self-dressing effect (Fig. 3(a4) ). When scanning the dressing detuning, only one symmetric center appears in singly-dressing case (Fig. 3(b2) ), whereas three symmetric centers appear in doubly-dressing case respectively at 1 0, 20, and 20 MHz ∆ = − (Fig. 4(b2) and 4(e2) ), all of which reveals pure-suppression. The symmetric center at 1 =0 ∆ is caused by the primary dressing effect, while the two symmetric centers at 1 = 20 MHz ∆ ± are due to the secondary dressing effect.
Synthetically, based on the analysis above, we find the methods of scanning the probe detuning ( Fig. 3(a3)-3(a4) , Fig. 4(a3)-4(a4), Fig. 4(d3)-4(d4) ), scanning self-dressing detuning (Fig. 3(a1)-3(a2) , Fig. 4(a1)-4(a2) ) and scanning external-dressing detuning (Fig. 4(d1)-4(d2) ) individually show some different features and advantages on research the FWM process. When scanning the probe detuning, the obtained FWM signal includes two components: the pure FWM signal when not considering dressing effects, and the modification (revealing AT splitting) of the FWM process. When scanning self-dressing detuning, the obtained signal also includes two components: the pure FWM signal and the modification (revealing the transition between enhancement and suppression) of the FWM process. While by scanning external-dressing detuning, the enhancement and suppression could be detected directly, excluding the pure FWM component. On the other hand, by scanning the probe detuning, all enhancement points and suppression points could be observed corresponding to the peaks and dips of AT splitting. In singly-dressing case, there are two enhancement points and one suppression point (Fig. 3(a3)-3(a4) ), and in doubly-dressing case, three enhancement points and two suppression points (Fig. 4(a3)-4(a4) ), etc. In contrast, by scanning dressing detuning, at most one enhancement point and one suppression point could be gotten in the spectra. Furthermore, the positions of the enhancement and suppression points when scanning dressing detuning match with the positions of corresponding points when scanning probe detuning, as the dash lines express in Fig. 3 and Fig. 4 .
After that, we demonstrate a new type of phase-controlled, spatiotemporal coherent interference between two FWM processes ( 2 F E and 4 F when the laser beams 3 E and 3 E′ are turned off (shown as Fig. 1(d) ). With a specially designed spatial configuration for the laser beams with phase matching and an appropriate optical delay introduced in one of the coupling laser beams, we can have a controllable phase difference between the two FWM processes in the subsystem. When this relative phase is varied, temporal and spatial interferences can be observed. The interference in the time domain is in the femtosecond time scale, corresponding to the optical transition frequency excited by the delayed laser beam. In the experiment, the beam 2 E′ is delayed by an amount τ using a computer-controlled stage. The CCD and an avalanche photodiode (APD) are set on the propagation path of the two FWM signals to measure them. By changing the frequency detuning 4 ∆ , where Fig. 1(e) ). When take the atomic velocity component and the dressing effect of 3 E ( 3 E′ ) into consideration, the enhancement and suppression of the SWM signal would be shifted far away from resonance, as shown in Fig. 6 . E signals, one can see that the two SWM processes are closely connected by mutual dressing effect.
In Fig. 6(a) , we present the probe transmission ( Fig. 6(a1) ) and the measured SWM signal (Fig. 6(a2) ) by scanning 2 ∆ at different designated 1 ∆ values, with 2 4 G G << . In Fig. 6(a1) ,
The profile of each baseline represents the probe transmission without dressing field 2 E versus probe detuning 1 ∆ , which reveals an EIT window ( E is quite small. Therefore, the peak and dip on each baseline mainly represent the enhancement and suppression of SWM signal 4 S E induced by 2 E . One can see that the curves in Fig. 6(a2) 4 G − into two dressed states 4 2 G G − ± , as shown in Fig. 6(b) . When two-photon resonance occurs at the original states 4 3 + + G G (Fig.   6(b2)), 4 3 + G G − (Fig. 6(b3) ) or 4 G − (Fig. 6(b4) ), the pure-suppressions of SWM can be obtained. When Doppler effect being considered, the dominant atomic velocity component 3 / v c ω moving the 4 3 + + G G state far away from the resonance, the pure-suppression on the left induced by triply-dressing effect will be shifted to large detuning. In the experiment, only two pure-suppressions can be obtained, of which the left one is caused by two-photon resonance at original 4 3 + + G G state, and the right one is related to the original 4 3 + G G − state. This inconsistence is because when the frequency of 3 E ( 3 E′ ) is at large detuning ( 3 0 ∆ >> ), the enhancement and suppression of SWM signal is no more symmetrical. Specifically, due to the optical pumping effect corresponding to the transition from 3 to 1 by 3 E and 3 E′ , the suppression will be intensified with 1 0 ∆ < (especially when 1 3 0 ∆ + ∆ = ) as shown in Fig. 6(b) ∆ is at large detuning (Fig. 6(b1) and 6(b5) ), the enhancement and suppression of SWM will still exists in the region with 1 0 ∆ < . EIT window are tuned separated, the interaction of MWM processes related to the same EIT window has been displayed in Fig. 2 , by scanning probe detuning under different blocking conditions. Here, we overlap the two EIT windows experimentally, therefore the interaction between these two groups of wave-mixing signals (those related to 2 E ( 2 E′ ) and those related to 4 E ( 4 E′ )) will be studied, by scanning the dressing field detuning 2 ∆ at discrete probe detuning 1 ∆ values (as shown in Fig. 7 ). . The measured total MWM signal when all the laser beams are turned on is depicted in Fig.  7(a) . The global profile of the baselines of each curve, which mainly includes the self-dressed Fig. 7(c) ) [21] . Therefore, by blocking different laser beams and scanning 2 ∆ at discrete 1 ∆ values, the interaction of these six wave-mixing signals can be observed directly, separated into the interplay between two FWM signals, two SWM signals and the interplay between FWM and SWM signals.
First we investigate the interplay between the two FWM signals 2 F E and 4 F E in the Y-type subsystem ( Fig. 1(d) ) by blocking the laser beams 3 E and 3 E′ . The interplay between these two FWM signals will occur when we overlap the two separated EIT windows, as shown in Fig. 7(b) . Figure 7 (b1) shows the measured FWM signal versus 2 ∆ at discrete 1 ∆ values, which including the information of both 2 F E and 4 F E , with mutual dressings. In Fig. 7(b1) , the global profile of baselines of all the curves represents the intensity variation of 4 F E at designated probe detuning values, and the peak and dip on each baseline include two components: the doubly-dressed 2 F E signal and the enhancement and suppression of 4 F E induced by 2 E ( 2 E′ ). These two components could be individually detected by additionally blocking 2 E′ or 4 E′ , as shown in Fig. 7 (b2) and 7(b3) separately. When blocking 2 E′ , the information related to 4 F E could be extracted since 2 F E is turned off (Fig. 7(b2) ). The global profile of all the baselines in Fig. 7 (b2) reveals AT splitting of 4 F E , and the peak and dip of each curve represent the enhancement and suppression of 4 F E induced by 2 E , which show similar evolution to the curves in Fig. 4(d2) . On the other hand, when turning on 2 E′ and blocking 4 E′ , the doubly-dressed 2 F E signal could be obtained in Fig. 7(b3) , which is similar to Fig. 4(a2) . It is quite obvious that the measured total FWM signal ( Fig. 7(b1) ) is approximate to the sum of the enhancement and suppression of 4 F E which mainly behaves dips ( Fig.  7(b2) ), and the dressed FWM signal
